We fabricated (Ga,Mn)As/AlO x /Co 40 Fe 40 B 20 magnetic tunnel junctions with ferromagnetic semiconductor/insulator/ferromagnetic metal (S/I/F) structure. The treatments of pre-annealing and post-plasma cleaning on the (Ga,Mn)As film were introduced before the growth of the subsequent layers. A high tunneling magnetoresistance (TMR) ratio of 101% is achieved at 2 K, and the spin polarization of (Ga,Mn)As, P ¼ 56.8%, is deduced from Jullière's formula. The improved TMR ratio is primarily due to the improved magnetism of (Ga,Mn)As layer by low-temperature annealing and cleaned interface between (Ga,Mn)As and AlO x attained by subsequent plasma cleaning process. Tunneling magnetoresistance (TMR) effect in ferromagnetic semiconductor/insulator/ferromagnetic metal (S/I/F) type magnetic tunnel junctions (MTJs) has inspired increasing research interests due to the potential applications of developing semiconductor-based spintronics devices. [1] [2] [3] [4] [5] [6] [7] In this type of MTJs, the ferromagnetic metal with high Curie temperature (T C ) is used for spin injection, while ferromagnetic semiconductor functions as a spin detector. 4, 7 In order to avoid the so-called "conductivity mismatch problem," an insulator is usually inserted between the two electrodes. 8 The III-V ferromagnetic semiconductor (Ga,Mn)As, as one of the best understood ferromagnetic semiconductors, is a promising candidate for semiconductor spintronics and usually used as a spin detector in S/I/F type MTJs. Since the discovery of (Ga,Mn)As material, T C has been enhanced from 60 K to 191 K. 9, 10 Although the T C of (Ga,Mn)As is not beyond room temperature, (Ga,Mn)As-based MTJs are desired due to the advantages of compatibility and easy integration with present semiconductor industry. In previous studies, the highest TMR ratio in this type of MTJs was reported to be 58% in (Ga,Mn)As/GaO x /Fe structure at 6 K 6 . However, fabricating junctions with higher TMR ratio are very important, not only because it is essential for the applications of semiconductor-based device, but also it can help us to understand the intrinsic properties and physical mechanism of TMR phenomenon in (Ga,Mn)As-based MTJs.
Since the spin polarization of (Ga,Mn)As is proportional to magnetization, 11 the improvement of the magnetism of (Ga,Mn)As is critical to increase the TMR ratio in (Ga,Mn)As/I/F type MTJs. It is known that low-temperature annealing process can reduce the Mn interstitial density and improve the quality of the (Ga,Mn)As, i.e., increasing its hole density, magnetization, and T C . [12] [13] [14] [15] [16] [17] Whereas, annealing has little effect on the (Ga,Mn)As film when it is covered by other layers, which prevent the out-diffusion of Mn interstitials. 18 Therefore, the conventional annealing, which is carried out after the deposition of MTJ multilayers, 19 will not improve the quality of (Ga,Mn)As and the TMR ratio in (Ga,Mn)As/I/F type MTJs.
In this study, we introduced an unconventional way to fabricate (Ga,Mn)As/AlO x /Co 40 Fe 40 B 20 hybrid MTJs. Prior to the deposition of AlO x barrier and other metallic films, annealing and plasma cleaning processes were carried out on the (Ga,Mn)As layer in order to improve the magnetization and clean the surface. A high TMR ratio of up to 101% was achieved at 2 K and the spin polarization of the (Ga,Mn)As layer, P ¼ 56.8%, was deduced from Jullière's formula.
The sample structure is given as: GaAs (buffer layer)/ (Ga,Mn)As (300)/AlO x (1)/Co 40 Fe 40 B 20 (CoFeB) (10)/ Ir 22 Mn 78 (12)/Ru (5) (in nm). First, a 300 nm (Ga,Mn)As layer was grown on GaAs substrate with GaAs buffer layer. A typical surface reconstruction of (1 Â 2) streak was kept during and after the growth of (Ga,Mn)As, and no sign of second phase was observed, which were checked by in-situ reflection high-energy electron diffraction (RHEED). The growth conditions can be found elsewhere. 4, 7 After the growth of (Ga,Mn)As, the sample was annealed at 250 C for 1 h in clean air environment. During annealing, an oxide layer was formed on surface with the passivation of out-diffused Mn interstitials by oxidation, and the thickness was estimated to be around 1.0 nm. 18 Then the plasma cleaning for removing the oxide layer and the deposition of subsequent layers were carried out in an ULVAC TMR R&D magnetron sputtering system (MPS-4000-HC7). The plasma cleaning was carried out in the load lock chamber with a base pressure of 1 Â 10 À5 Pa, operated at 150 W rf power and at a Ar pressure of 1 Â 10 À2 Pa at room temperature. We have measured the rate of plasma cleaning (8 nm/min) according to which a thickness of around 8 nm was removed to obtain a fresh surface. To verify the smooth surface after plasma cleaning, the surface morphology was measured by a)
Author to whom correspondence should be addressed. Electronic mail: xfhan@aphy.iphy.ac.cn. atomic force microscope (AFM). The value of root mean square (RMS) was 0.415 nm, and decreased to 0.367 after deposition of 1 nm AlO x , which was feasible for stacking MTJ multilayers. After plasma cleaning, the (Ga,Mn)As film was immediately transferred to the deposition chamber with a base pressure of 1 Â 10 À6 Pa without breaking vacuum, and then the AlO x barrier and subsequent metallic layers were grown. The AlO x barrier was formed by oxidizing 1 nm of Al layer by inductively coupled plasma. An in-plane magnetic field of approximate 100 Oe was applied along the [À110] direction of GaAs during the deposition of metallic layers. Rectangular junctions with the active area of 6 Â 12 lm 2 and long axis along [À110] direction were defined by standard photolithography and ion-beam etching. Transport measurements were performed in physical property measurement system (PPMS) and the magnetization measurements were carried out in superconducting quantum interference device (SQUID) magnetometer.
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Figures 1(a) and 1(b) depict the magnetization and resistivity as a function of temperature for the as-grown and annealed 300 nm-thick (Ga,Mn)As films. After annealing, T C was substantially enhanced from the as-grown value of 60 K to 120 K and resistivity is decreased by a factor of 10 at low temperature. The annealed sample shows a metallic behavior (dR/dT > 0) below T C , which is the typical behavior of annealed (Ga,Mn)As.
14 In addition, the saturation magnetization is enhanced after annealing and the coercivity is decreased from 110 Oe to 14 Oe, as shown in Fig. 1(c) . These improved characteristics of (Ga, Mn)As film by postannealing can be attributed to the diffusion of Mn interstitials which compensate a large fraction of free holes and couple antiferromagnetically with the substitutional Mn atoms. 11 The decrease of coercivity is due to the elimination of pinning centers introduced by the Mn interstitials. 20 Figure 1(d) shows the magnetic field dependence of magnetization at 5 K and 300 K for unpatterned MTJ multilayers, with magnetic field applied along the [À110] direction of GaAs. The separated magnetic reversals of (Ga,Mn)As and CoFeB layer are observed at low temperature.
The TMR curves measured at 2, 5, 10, and 20 K are shown in Fig. 2 . The TMR ratio is defined as: (R AP À R P )/ R P Â 100%, where R AP and R P are the resistances for the antiparallel (AP) and parallel (P) alignments of magnetic electrodes, respectively. Magnetic field is applied along the [À110] direction of GaAs, which is corresponding to the easy axis of (Ga,Mn)As and CoFeB. A high TMR ratio of 101% was observed at 2 K, which is much higher than the results reported in previous S/I/F type MTJs. 6, 7 In our previous work, the TMR ratio was only 1.6% for the same structure of MTJ stack, which was in the absence of annealing and plasma cleaning. The improved TMR ratio can be attributed to the improvement of magnetism of (Ga,Mn)As by annealing. On the other side, it has been pointed that high surface recombination velocities at the interface between AlO x and GaAs semiconductor would suppress TMR ratio. 6 In our sample, a clean interface between (Ga,Mn)As and AlO x with low recombination velocity may be achieved by plasma cleaning. For the MTJs with amorphous AlO x barrier, TMR ratio can be expressed by Jullière's formula: 21 TMR ¼ 2P G P M /(1 À P G P M ), where P G and P M are the spin polarizations of (Ga,Mn)As and CoFeB, respectively. The spin polarization of CoFeB can be described by Bloch's law, P(T)
), where a is spin-wave parameter and P 0 the spin polarization at 0 K. Using the parameters in Ref. 22 , with P 0 ¼ 59.1% and a ¼ 1.4 Â 10
À5
, the value of spin polarization of (Ga,Mn)As at 2 K, P ¼ 56.8%, can be deduced from the Jullière's formula. It corresponds well to the value of 58.7% for annealed (Ga,Mn)As sample obtained by S. Piano et al. using point contact Andreev reflection technique. 23 It is noted that, the difference of switching fields of CoFeB layer between patterned and un-patterned MTJ films, see Figs. 1(d) and 2, may arise due to the pinning effect of defects on the junction edge and the imperfect surface of underlayer. 24, 25 Figure 3 shows the temperature dependence of TMR ratio and resistances measured at a bias of 1 mV from 2 K to 50 K. The resistance in antiparallel configuration decreases dramatically with increasing temperature, while the resistance in parallel configuration decreases gradually. This result suggests that the temperature dependence of TMR ratio is mainly determined by the resistance in antiparallel configuration. In addition, the magnetization of (Ga,Mn)As film decreases by 25.8% with increasing temperature from 2 K to 50 K, as shown in Fig. 3(a) . Whereas, the drop of TMR ratio is much faster than the decrease of magnetization, which is attributed to the opening of a spin-independent thermal channel by defects-assisted tunneling. 26, 27 In addition, the TMR ratio decreases rapidly with increasing bias (not shown), which is similar to our previous work. 7 And there is no obvious asymmetrical bias dependence of TMR ratio, despite the different electrodes, which may be due to defects-assisted tunneling. 27 In the present samples, the defects in AlO x barrier may arise due to the imperfect surface of (Ga,Mn)As. We suggest, by carefully optimizing the process of plasma cleaning, the level of roughness can be lowered down and the defects can be reduced, which may result in the improvement of the temperature and bias dependence of TMR and also the further increase of the TMR ratio.
In summary, we fabricated (Ga,Mn)As/AlO x /CoFeB MTJs by combining pre-annealing and post-plasma cleaning processes. A high TMR ratio of up to 101% was obtained at 2 K. Based on Jullière's formula, the tunneling spin-polarization of (Ga,Mn)As is estimated to be 56.8%. The introduced way of the fabrication of S/I/F type MTJs here, not only improved the magnetism of (Ga,Mn)As film but also enhanced the TMR ratio. 
